Laser cleaning has been considered as a promising technique for the preparation of aluminium alloy surfaces prior to joining and welding and has been practically used in the automotive industry. The process is based on laser ablation to remove surface contaminations and aluminium oxides. However the change of surface chemistry and oxide status may affect corrosion behaviour of aluminium alloys. Until now, no work has been reported on the corrosion characteristics of laser cleaned metallic surfaces. In this study, we investigated the corrosion behaviour of laser-cleaned AA7024-T4 aluminium alloy using potentiodynamic polarisation, electrochemical impedance spectroscopy (EIS) and scanning vibrating electrode technique (SVET). The results showed that the laser-cleaned surface exhibited higher corrosion resistance in 3.5 wt.% NaCl solution than as-received hot-rolled alloy, with significant increase in impedance and decrease in capacitance, while SVET revealed that the active anodic points appeared on the as-received surface were not presented on the laser-cleaned surfaces. Such corrosion behaviours were correlated to the change of surface oxide status measured by glow discharge optical emission spectrometry (GDOES) and X-ray photoelectron spectroscopy (XPS). It was suggested that the removal of the original less protective oxide layer consisting of MgO and MgAl 2 O 4 on the as-received surfaces and the newly formed more protective oxide layer containing mainly Al 2 O 3 and MgO by laser cleaning were responsible for the improvement of the corrosion performance.
Introduction
Laser cleaning has been considered as an alternative method to replace conventional cleaning techniques such as wet chemicals and mechanical cleaning involving air abrasives or grinding. Compared with the conventional cleaning techniques, laser cleaning offers advantages including environment-friendliness, better selectivity, better controllability, better flexibility to achieve complete removal of surface contamination with minimal damage to the underlying substrate material and the process can be much faster for welding surface preparations since only localised cleaning is required.
Laser cleaning is a versatile process that can be applied to many different kinds of contaminates and substrates. For example, the removal of adherent particles from semiconductors [1] , aerospace mould cleaning [2] and paint stripping [3] have been widely reported. In recent years, laser cleaning has been considered as a pre-treatment technique for coating, welding and joining of various materials, and also a post-treatment technique to remove stains and discoloration after welding [4] [5] [6] [7] . These processes involve the removal of contaminates such as oil and grease, or the removal of metal oxides from metallic substrates. Removal of organic contaminants is based on laser beam disintegration or vaporisation of contaminants, so that no significant thermal effect on the substrate is expected. However, to remove an oxide layer, the interaction between the laser beam and oxide layer may generate sufficient thermal effects to induce additional thermal oxidation or even melting a thin layer of the surface. Such a thermal effect is dependent on several factors, including laser beam wavelength, pulse width, laser processing parameters, thickness of oxide layers, nature of oxide layers as well as substrate materials. It was known that three mechanisms in laser removal of oxide layers from metallic substrates exist, i.e. thermal ablation, mechanical effect, and combined thermal ablation and mechanical effects.
It was reported by Kearns et al [8] that the mechanism in the removal of copper oxide of a thickness of 300 nm from a copper substrate by lasers at wavelengths of 1064 nm, 532 nm and 266 nm, with nanosecond pulses was combined thermal and mechanical effects. The laser cleaning with a wavelength of 532 nm further induced thermal oxidation turning the original CuO 2 to black CuO. When a ns Nd:YAG laser with a relatively low fluence was applied on a high-temperature oxidised stainless steel, the removal of the oxide layer of 1 µm in thickness was mechanical in nature, with no occurrence of thermal ablation [9] . Another investigation was reported by Dimogerontakis, et. al [10] that when a Nd:YAG laser with a 1064 nm wavelength and a 10 ns pulse width was applied to removing lubricants and native oxide layers from an Al-Mg alloy, it was found that thermal oxidation took place on the AlMg alloy during the laser irradiation in air with a laser fluence ranged from 0.6 to 1.4 J/cm 2 .
It was demonstrated that the thermal oxidation had the same mechanism as in the case of the steady state thermal oxidation of the Al-Mg alloys even though the laser irradiation was only for a short period of 10 ns. Increasing the laser fluence increased the thickness of oxide layers. When the laser fluence was increased to 1 J/cm 2 , the oxide layer formed by the thermal oxidation became, in a large extent, crystalline and its outer part was entirely covered by a continuous layer of magnesium oxide.
Therefore, it is believed that laser cleaning in air, particularly for reactive metallic substrates such as aluminium alloys and titanium alloys, to remove oxide layers could induce further thermal oxidation and form new oxide layers on the surface. Such newly formed oxide layers may have different oxide constituents that would be likely to affect its corrosion behaviour. However, up to date, no work has been reported on the corrosion characteristics of laser cleaned mechanic materials. In this work, we investigated the corrosion behaviour of laser-cleaned AA7024-T4 alloy using an Nd:YAG laser with a wavelength of 1064 nm and a pulse width of 10 ns. Surface analysis of the laser-cleaned surface was carried out using XPS and GDOES, and compared with the as-received hot-rolled alloy. The correlation between the corrosion behaviour and the change of surface oxides before and after the laser cleaning was established. and after the laser cleaning was also measured using X-ray photoelectron spectroscopy (XPS, Kratos Ultra).
Experimental procedure

Corrosion testing
Potentiodynamic polarization and Electrical Impedance Spectroscopy (EIS) tests were performed in 3.5 wt.% NaCl solution at room temperature using a Princeton Applied
Research (PAR) potentiostat, with an electrochemical cell consisting of three electrodes, i.e. platinum mesh as counter electrode, saturated calomel electrode (SCE) as the reference electrode. The samples with an exposed area of 1.0 cm 2 as the working electrode were used.
The EIS data were fitted using a commercial software Z-view. were also prepared by manually grinding using 800 grit and followed by 1200 grit sandpaper to remove the dark appearance of the alloy prior to the corrosion tests described above.
SVET (Scanning Vibrating Electrode
Results and Discussion
Surface observation and compositional analysis
The surface of the as-received AA7024-T4 alloy was dark to naked eyes, implying the presence of a relatively thick oxide layer, but it became brighter after laser cleaning with increasing laser fluences. Fig. 1 is the UV-vis spectra of the alloy surfaces before and after laser cleaning. It shows that both the laser-cleaned surfaces at 7.1 J/cm 2 and 8.5 J/cm 2 laser flunces showed similar highest reflectance exhibiting the brightest surfaces, and then the reflectance decreased but was still greater than the as-received surface. Fig. 2 shows the surface morphologies of the AA7024 alloy before and after laser cleaning. The as-received surface exhibited various contaminate, and scratches, while all the laser-cleaned surfaces were almost contaminant-free. When the laser fluence was 7.1 J/cm 2 , the cleaned surface was bright as described earlier, but the surface was partially melted. Further increasing in the laser fluence up to 11.3 J/cm 2 led to fully melted surfaces with a typical wavy solidification structure. The surface profiles, as shown in Fig. 3 showed that the laser cleaning resulted in an increase of surface roughness compared with Ra value of 305 nm for the as-received, and the roughness increased from 375 nm to 1691 nm with increasing laser fluences. The surface profiles in Fig. 3 also provided an evidence of changing surface morphologies with increasing laser fluence. It was worth stating here that the increase in the surface reflectance after laser cleaning was mainly attributed to the removal of the oxide layer that was dark in appearance s well as other contaminants. Therefore, the lasercleaned surface with increased surface roughness still presented higher reflectance.
Cross sectional observation by SEM along with EDS mapping shown in Fig. 4 indicates that the as-received surface presented an oxygen rich region with a depth of approximately 800 nm. Within this region, magnesium was also rich, which was believed to be the result of faster diffusion of Mg towards the surface than the other elements during the hot-rolling process. From the SEM image, this oxygen-rich region contained two distinctive layers. The upper layer was porous and magnesium rich, while the lower part was less porous with even higher magnesium content with a strong adhesion to the alloy substrate. It was likely that the oxygen-rich region was composed of oxides and maybe other compounds. However, it was likely that the magnesium-rich layer was also presented in the aluminium solid solution just underneath the oxygen-rich layer. The laser-cleaned surface at 7.1 J/cm 2 showed that the thickness of the oxygen-rich region was less than 100 nm, and still contained magnesium although the magnesium content was much reduced. From the SEM image, it seemed that the upper layer was completely removed, but it was difficult to determine if the lower layer was also removed or partially removed. To answer the question, the elemental depth profiles and surface chemistry of the surface before and after laser cleaning were measured by GDOES and XPS. In addition, the EIS data could also provide information related to the thickness of each individual layer. Figure 5 shows the elemental depth profiles obtained by GDOES for the as-received and laser-cleaned surface at 7.1 J/cm 2 . The depth profile of the as-received surface presented an intense peak of carbon, as well as the peak of hydrogen at the commencement of sputtering, which may be originated mostly from the oil and grease adsorbed on the as received surface.
The intensities of these elemental peaks were reduced significantly after laser cleaning, suggesting that the laser cleaning process sufficiently removed these organic contaminants.
However, the hydrogen was also likely to be co-existent in the oxide layer as hydrogen has a higher solubility in aluminium oxide than in aluminium matrix. The removal of hydrogen in the oxide layer also occurred accompanying the removal of the oxide layer. Another important observation was that the as-received surface showed an intense peak at the beginning of the sputtering which was located at the same position as the oxide layer on the sputtering time axis, implying that the magnesium was present in the oxide layer; in addition, a second peak of magnesium was also observed, which may represent the magnesium enrichment in the aluminium solid solution just below the oxide layer. This was consistent with the observation on the elemental mapping shown in Fig. 4 b. The intensities of oxygen and magnesium peaks after laser cleaning were significantly reduced, providing a further evidence of removal of the oxide layer. In addition, the zinc profile showed depletion on the top surface, but became relatively uniform distributing along the depth after laser cleaning. Finally it was worth mentioning that the intensity of hydrogen, appeared mostly within the upper layer, was reduced after laser cleaning. This is important when laser cleaning of aluminium alloys is applied.
XPS wide scan spectra of the as-received AA7024-T4 alloy, as well as high resolution scans of Mg 2s, C 1s and O 1s are shown in Fig. 6 . The alloy containing aluminium and magnesium could present a number of spectral possibilities. For example, the Al 2p peak can be overlapped by Mg Kα X-ray satellites, and the Mg 2p peak can be overlapped by a C 1s X-ray ghost line caused by the stray Al Kα X-ray radiation when using a dual Mg/Al X-ray source [11] . Therefore, in this study, the quantitative analysis of magnesium and aluminium was done using Mg 2s and Al 2s, which are free from artefacts. 
Corrosion behaviour
The potentiodynamic polarisation curves for the as-received, mechanically ground and lasercleaned at 7.1 J/cm 2 and 11.3 J/cm 2 are presented in Fig. 8 . All the surfaces had close values of free corrosion potentials. No passive plateau was observed in the anodic parts of the polarisation curves, suggesting that the anodic activities always dominated when applied anodic potentials. Significant differences were observed in the cathodic part of the polarisation curves; the laser-cleaned surfaces presented lower corrosion current densities than the as-received and mechanically ground, indicating that the laser cleaning decreased the cathodic activities of the alloy when applied cathodic potentials. Figure 9 shows the EIS raw dotted lines, fitting lines and the equivalent circuit used for the as-received, mechanically ground and laser-cleaned at 7.1 J/cm 2 and 11.3 J/cm 2 . The fitting results of electric components were summarized in Table 1 . The circuit in Fig. 9 (e) comprised 3 resistors, 2 capacitors and a Warburg component. The constant phase elements (CPEs) for the representation of the capacitances of different layers were applied, and the calculation of the capacitances of layers was made using a Brug's equation [13] , modified by the authors:
Where Q is the CPE value, Ω −1 cm −2 , n is the CPE dimensionless exponent and R S represents the solution resistance. The Warburg components existed only for the laser-cleaned surface at 11.3 J/cm 2 to evaluate the mass diffusion in the proximate of the alloy surface. R Ws is accounted for the diffusion resistance, W S -T for the length of the diffusion layer and W S -P for Warburg exponent [14] .
For the as-received sample, a two-layer structure was identified. In the circuit, the outer layer corresponded to the upper layer of the oxygen-rich region, as described earlier, while the oxide corresponded to the lower part of the oxygen rich region. The resistance of the outer layer was 220.900 Ω.cm 2 and it was lower than the resistance of the oxide layer of 2561.000 Ω.cm 2 . This suggested that the outer layer was less protective. Capacitance of the outer layer (C outer layer ) was calculated using equation (1) and R i was substituted by R outer layer.
Similarly, for the calculation of capacitance of the oxide (C oxide ), R i was replaced by R oxide . The values of C outer layer and C oxide were 136.364 μF/cm 2 and 97.389 μF/cm 2 respectively; the difference further confirmed that the outer layer was less protective.
After laser cleaning, only one oxide layer existed representing the newly formed oxide layer.
The newly formed oxide layer exhibited a significant increase of resistances. At the laser fluence of 7.1 J/cm 2 , the resistance was 70421 Ω.cm 2 and at 11.3 J/cm 2 , the resistance reached 182100 Ω.cm 2 . This indicates that the laser-induced oxide layer provided a considerably better protection to the alloy. Capacitance of this oxide layer at 7.1 J/cm 2 was obtained from equation (1) layer on the as-received alloy were completely removed by grinding, followed by the formation of a thin, air-formed oxide layer. This air-formed layer was more protective than the layers on the as-received samples, but was not as much protective as the oxide layers after laser cleaning. The results from the polarisation, EIS and SVET had reached the same conclusion, i.e. the laser-cleaned surface presented a higher corrosion resistance than the as-received alloy. To explain the results, the change of surface chemistry and oxide status must be taken into account. As described earlier, the as-received surface presented a mixture of MgO and 
Conclusions
In this paper, the corrosion behavior of the hot-rolled AA7024-T4 alloy before and after 2) The potentiodynamic polarization showed decreased corrosion current density after laser cleaning.
3) The EIS data showed that the laser-cleaned surface at 7.1 J/cm 2 dramatically increased impedance, indicating that the newly formed oxide layer by laser cleaning was more protective than the original oxide layer on the as-received surface.
4) The SVET current maps showed that the laser-cleaned at 7.1 J/cm 2 exhibited much less anodic activity while anodic current peaks presented on the as-received alloy surface was dramatic.
5) The improved corrosion resistance for the laser-cleaned surface was the result of removal of MgO+MgAl 2 O 4 which was less protective than the newly formed Al 2 O 3 +MgO layer.
6) Although the laser-cleaned surface at 11.3 J/cm 2 presented even better corrosion resistance, the surface was heavily melted. Such improvement might be caused by thicker oxide formation as well as the change of microstructures occurred in the aluminium matrix underneath the oxide layer.
7) The mechanically ground surface exhibited higher corrosion resistance than the asreceived, but lower than the laser-cleaned, due to the formation of air-formed oxide layer which was more protective than the MgO+MgAl 2 O 4 layer on the as-received surface, but less protective than the newly formed Al 2 O 3 +MgO layer by laser cleaning. 
